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Abstract 23 

In restoration ecology, the reference ecosystem represents a key concept which is well defined 24 

from a theoretical point of view. In practice, however, selecting reference systems, such as 25 

reference plant communities, often lacks clear methodology. In order to facilitate this selection, 26 

we provide a framework based on ecological theory and more precisely on relationships 27 

between vegetation and environmental factors to identify reference plant communities. The four 28 

major steps are: 1) the delimitation of a geographical zone in which habitat types similar to 29 

restoration sites occur; 2) the identification of environmental factors structuring non-degraded 30 

plant communities within this geographical zone; 3) the comparison of the environmental 31 

factors between non-degraded and degraded sites; 4) the selection of the non-degraded sites 32 

most similar to restoration sites in terms of environmental factors to use them as references. We 33 

concept-proved our approach by identifying reference communities using environmental factor 34 

combinations for five mountain grassland sites degraded by the construction of a high-voltage 35 

line. In a multivariate analysis of eighteen non-degraded sites, we identified six major 36 

environmental factors explaining plant species compositions. A second multivariate analysis 37 

including degraded sites provided environmental distances of the eighteen non-degraded to 38 

each of the degraded sites. The results demonstrated that the environmentally most similar sites 39 

were not necessarily the geographically closest ones. In conclusion, the analysis of regional 40 

plant-environment interactions provides an important tool to identify reference communities or 41 

source sites for seed transfer if not available adjacent to degraded habitats. 42 

 43 

Keywords: abiotic factors, grassland restoration, plant succession, degradation, target 44 

reference 45 

 46 
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Implications for Practice 47 

- A good knowledge of the relationships between structuring environmental factors and plant 48 

community composition allows the identification of reference communities based on the 49 

measurement of these factors at restoration sites. 50 

- The selected environmental factors need to be robust and should not be too much affected by 51 

ecosystem degradation prior to restoration. 52 

- The study of several potential reference communities makes it possible to select the best 53 

reference(s) for each restoration site in terms of such environmental factors. 54 

- In grassland ecological restoration, the identification of reference communities using 55 

combinations of factors of restoration sites allows a more efficient sourcing of donor sites in 56 

particular if close-by reference communities are not available. 57 

 58 

 59 
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Introduction 68 

The definition of reference systems is a crucial step in ecological restoration as it allows 69 

defining restoration targets and evaluating restoration success (Hobbs & Norton 1996; Giardina 70 

et al. 2007; McDonald et al. 2016). The reference paradigm represents a cornerstone concept 71 

which is well defined from a theoretical point of view (Aronson et al. 1993, 2016; SER Primer 72 

2004). However, in practice, the specific selection of reference ecosystems or communities 73 

often lacks clear scientific criteria, or this step is not sufficiently taken into account in 74 

restoration planning. A review of 301 articles focusing on terrestrial ecological restoration 75 

projects showed that less than 75% of the studies used a reference, 62% used “negative 76 

reference(s)” representing the pre-restoration degraded state, and only 60% used “positive 77 

target reference(s)” defined by the pre-degradation system, with only 22% presenting both. 78 

Both negative and positive references may be used together to evaluate restoration success: i) a 79 

negative one to evaluate the success of an active restoration compared with the degraded system 80 

, and ii) a positive one to assess success by comparing the restored and the reference 81 

communities (Benayas et al. 2009; Wortley et al. 2013). In many studies, the ecosystem prior 82 

to its degradation is considered as a (positive) reference (Aronson et al. 1995; SER Primer 83 

2004). However, ecosystems may already be degraded prior to the latest disturbance that is 84 

considered as starting point of restoration, and/or the information on the state of the ecosystem 85 

before degradation might not be available. This is a very common situation in European 86 

grassland restoration where ecosystems suffer from land abandonment or intensification 87 

(Bischoff 2002; Baasch et al. 2016). 88 

An important objective of restoration is to accelerate or jumpstart succession by facilitating 89 

late-successional species (Palmer et al. 1997). Late-successional stages or even endpoints of 90 

succession are determined by abiotic conditions although historical contingency may influence 91 

final community composition (Fukami et al. 2005; Young et al. 2005). While it is useful to 92 
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consider endpoints (attractors) of succession, earlier successional stages and potential variation 93 

of endpoints also need to be taken into account (Prach et al. 2016). The succession towards 94 

natural vegetation representing such endpoints is often prevented by human land management. 95 

A constant and/or predictable disturbance regime, such as grazing by livestock of semi-natural 96 

grasslands, may result in stable intermediate states of plant succession (or “alternate steady 97 

states” or metastable states; Clewell & Aronson 2013). These intermediate states can thus be 98 

considered as quasi-stable representing an equilibrium with environmental conditions and land 99 

management (Young et al. 2001; Bouzillé 2007). 100 

The use of several positive references may be a solution to take into account such intermediate 101 

states and is increasingly common in ecological restoration (Ruiz-Jaen & Aide 2005; Suganuma 102 

& Durigan 2015; McDonald et al. 2016). The definition of various reference systems resulting 103 

from different land management types (Le Floc'h & Aronson 1995; Cortina et al. 2006) would 104 

provide a range of restored ecosystem trajectories. Furthermore, considering the potential 105 

variation in successional endpoints allows integrating ecosystem dynamics and natural 106 

variability (Asbjornsen et al. 2005; Sluis et al. 2018; Erskine et al. 2019). 107 

In cases of high spatial heterogeneity such as varying slope and aspect, small-scale differences 108 

may compromise the preference of adjacent plant communities and populations usually 109 

recommended for active ecological restoration (Kiehl et al. 2010, Vander Mijnsbrugge et al 110 

2010; Scotton et al. 2011). Additionally, restoration sites may sometimes be surrounded by 111 

other more or less degraded ecosystems. In such cases, references need to be found at higher 112 

distances requiring a clear concept and methodology to identify the most appropriate sites. 113 

In our study, we provide a framework to define positive reference communities by using 114 

environmental factors that drive plant species composition. This method is particularly useful 115 

in the following cases: i) information on plant species composition prior to latest degradation 116 

is not available; ii) the sites were already (at least partially) degraded before the latest 117 
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disturbance for which restoration is required and several environmental factors structuring plant 118 

communities remain within the natural range after a particular ecosystem degradation; iii) if 119 

due to economic or legal constraints, only one propagule source site can be selected for several 120 

restoration sites. 121 

We first present a framework to select reference communities by using environmental factors 122 

that determine plant species composition. To concept-prove our framework, we applied the 123 

approach to a mountain grassland project involving the restoration of temporary access tracks 124 

required to build a new high-voltage electricity line. Habitat conditions at the sites change at 125 

relatively small scales thus complicating the search for appropriate reference communities. 126 

Such extensively grazed and/or mowed grassland ecosystems represent a particular case of 127 

succession in which regular management truncates succession by preventing the development 128 

of woody vegetation (Young et al. 2001). Most European grasslands are thus considered as such 129 

alternative quasi-stable states since they are maintained by regular grazing and mowing. Their 130 

species composition is not only dependent on climate and soil conditions but also on 131 

management type (Isselstein et al. 2005; Härdtle et al. 2006). However, management regimes 132 

are similar in our study region allowing an analysis of environmental factors driving plant 133 

community composition. Due to the scope of the construction work, the different non-degraded 134 

grasslands selected as potential references should thus make it possible to obtain a wide range 135 

of quasi-stable states representative of the different restoration sites. 136 

 137 

  138 
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Framework to identify reference communities by combinations of environmental factors 139 

We suggest a 4-step methodological framework to select references by analyzing the species 140 

composition of non-degraded systems and measuring the environmental factors structuring 141 

them (Fig. 1): 1) delimit a geographical zone in which habitat types similar to restoration sites 142 

occur; 2) identify environmental factors structuring non-degraded plant communities within 143 

this geographical zone and measure them in non-degraded and degraded sites; 3) evaluate 144 

environmental distances between degraded sites and non-degraded sites; 4) identify the non-145 

degraded sites most similar to restoration sites in terms of environmental factors. First, a rough 146 

estimation of habitat type based on existing habitat or biogeographical maps is required to 147 

delimit the geographical zone in which the reference communities may be found (Alard 2002). 148 

Existing pedoclimatic or historical vegetation data may increase the precision of habitat type 149 

information. Secondly, within the delimited geographical zone, major environmental factors 150 

that typically drive species composition in the study area are measured on non-degraded sites. 151 

Factors that are significantly modified by the habitat degradation cannot be taken into account. 152 

At the same time, the relationship between these environmental factors and plant species 153 

composition is analyzed. The number of analyzed sites needs to be representative of the 154 

variation of the geographical zone and sufficient to identify the best subset of environmental 155 

factors using multivariate statistics. Once identified, the major environmental drivers of non-156 

degraded sites need to be measured on sites to be restored. The non-degraded sites presenting 157 

the most similar values compared with restoration sites can therefore be used as reference sites. 158 

This method allows identifying the best corresponding plant communities for each restoration 159 

site within the study zone. For each restoration site, one or more reference sites that correspond 160 

best in terms of structuring environmental factors and thus of potential plant community 161 

composition will be chosen. 162 

 163 
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Proof of concept 164 

We tested our approach to identify reference communities using combinations of environmental 165 

factors in mountain grasslands degraded by the construction of a high-voltage electricity line. 166 

The construction work included the creation of access tracks and working platforms on 13 ha 167 

of mountain grasslands. The grasslands were separated in hundreds of patches separated by 168 

woodlands. Due to small-scale changes in abiotic conditions and degradation of adjacent sites 169 

by land abandonment, arable use or afforestation, the closest sites were often inappropriate 170 

references. The identification of reference communities was thus a priority action to define 171 

restoration targets but also to find appropriate grassland sources for hay transfer used as a 172 

restoration technique (Kiehl et al. 2010). Following the four suggested steps we asked: (1) What 173 

are the environmental factors explaining best the species composition of non-degraded 174 

mountain grassland sites? (2) What are the non-degraded sites most similar to the degraded sites 175 

in terms of these environmental factor combinations? (3) Are the environmentally most similar 176 

sites also the geographically closest ones? 177 

 178 

Material and methods 179 

Restoration sites and delimitation of geographical zone 180 

The study area is the upper Durance valley (“Haute-Durance”) in the Southern French Alps 181 

from L'Argentière-la-Bessée to La-Batie-Neuve (44°78’78’’N, 6°59’’41’E; 44°57’93’’N, 182 

6°20’’77’E, Fig.2). The study sites are located 100 to 600 m above the valley floor on slopes at 183 

an elevation of 1000 to 1400 m (upper montane altitudinal belt). The climate is temperate to 184 

sub-Mediterranean depending on elevation and exposition. The Pelvoux and Mont Viso 185 

mountains provide a rain shadow, reducing precipitation to 740 mm per year, with a mean 186 

annual temperature of 10.7°C (based on data from 1991 to 2010, meteorological station of 187 

Embrun). The bedrock is predominantly calcareous, but many sites are covered by quaternary 188 
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glacial deposits. The degraded areas were characterized by dry to mesophilic grasslands. Most 189 

of these grasslands are Natura 2000 priority habitats: “Semi-natural dry grasslands of Festuco-190 

Brometalia and scrubland facies on calcareous substrates” (N6210, EU directive habitat 191 

92/43/EEC). The construction work affected soil structure and soil organic matter composition 192 

by stripping soil, compacting and decompacting. A total of 18 species-rich non-degraded 193 

grassland sites as well as five restoration sites were selected as study sites in the Haute-Durance 194 

valley (Fig. 2). Selection criteria were traditional management by grazing (sheep, cattle) and 195 

mowing, geographical representation of the study area and representative microclimatic 196 

conditions (semi-dry to mesophilic) in avoiding driest and most humid sites. We further 197 

excluded restoration sites with particularly strong soil modification by gravel addition.  198 

 199 

Data collection 200 

To link species composition to environmental conditions, vegetation cover of all vascular plant 201 

species was evaluated between 21 June and 5 July 2018 in 3 randomly placed quadrats (2m x 202 

2m) within each of the 18 non-degraded grassland sites resulting in a total of 54 quadrats. We 203 

measured abiotic factors that are usually not or little influenced by soil disturbance involved in 204 

access track or working platform creation. These factors included soil variables such as 205 

phosphorus, potassium and carbonate content, pH value and moisture but also 206 

geomorphological variables influencing climatic conditions such as slope, aspect and elevation. 207 

Three soil samples per site were thus taken to a depth of 20 cm (diameter 5 cm). They were 208 

dried and sieved using a 2 mm mesh size. Plant available phosphorus (P2O5) was determined 209 

using the Olsen Sterling method (1954), exchangeable potassium ions (K2O) was determined 210 

according to Thomas (1982) and Ciesielski et al. (1997). Soil moisture was measured in the 211 

field using Theta Probe ML3 sensors. The soil pH was measured in a 1:5 water solution. The 212 

carbonate content was estimated using a 3-level scale of effervescence with 1 M HCl (non-213 
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effervescent; slightly effervescent; strongly effervescent). In mountain ecosystems, plant 214 

species composition and richness are strongly influenced by slope and aspect driving solar 215 

radiation (Pykälä et al. 2005). We estimated the annual direct incident solar radiation (ASR) 216 

using the method of McCune & Keon (2002). The ASR takes into account that southwest facing 217 

slopes show a higher radiation than southeast-facing slopes in folding the aspect (Supplement 218 

S1). This folded aspect is combined with slope and latitude to calculate the ASR. 219 

 220 

Statistical analysis 221 

Factor selection: test of variance inflation to avoid collinearity and correlation matrix 222 

In order to reduce collinearity within the measured environmental variables we tested Variance 223 

Inflation Factors (VIF; Zuur et al. 2010). Highly correlated variables (VIF>2) were sequentially 224 

removed (R package “vegan”, Oksanen et al. 2019). We used the pairwise correlation analysis 225 

(Pearson correlation coefficient) to crosscheck VIF removal procedure. Since slope and aspect 226 

are included in the ASR, they were not considered. Carbonate content (correlated to pH) was 227 

removed according to VIF analysis whereas elevation, ASR, soil moisture, soil pH, P2O5 and 228 

K2O were kept and used in subsequent analyses in order to test the response of plant species 229 

composition to environmental factors of non-degraded sites. 230 

Analysis of factors driving species composition 231 

We analyzed the plant species composition of the non-degraded sites using redundancy analysis 232 

(RDA) to model the relationship between species composition and environmental variables (R 233 

package “vegan”, Oksanen et al. 2019). Species cover was first Hellinger-transformed since 234 

this transformation provides a better resolution in linear ordination techniques than chi-square 235 

distance (Legendre & Gallagher 2001). We removed rare species (occurring in less than eight 236 

plots) from the analysis in order to improve the detection of relationships between community 237 

composition and abiotic factors. Removing rare species reduces bias due to stochastic sampling 238 
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effects since rare species occurrence is often a poor predictor of environmental conditions 239 

(McCune and Grace 2002). The significance of the six selected variables (ASR, elevation, soil 240 

moisture, soil pH, P2O5, K2O) was tested using the “envfit” function with N = 999 permutations 241 

(R package “vegan”; Oksanen et al. 2019) to determine relationships with plant community 242 

composition. 243 

Environmental distances between non-degraded and restoration sites 244 

The environmental distance (= dissimilarity) between each restoration and non-degraded sites 245 

was assessed by calculating the Euclidean distance using the “vegdist” function (R package 246 

“vegan”; Oksanen et al. 2019). Non-metric multidimensional scaling (NMDS) based on 247 

Euclidean distances of environmental factors was used to illustrate the most similar reference 248 

for each restoration site (R code: https://github.com/RenaudJau/ChooseRef). In order to 249 

compare the distribution of plant communities according to environmental factors values and 250 

to geographical zone, a second NMDS was performed on plant species composition of non-251 

degraded sites. Sites were grouped by each environmental factor (high, medium, low factor 252 

values) and major geographical zones (south; central; north) in different ordination plots. All 253 

analyses were performed using R 3.5.3 (R Core Team 2019). 254 

Results 255 

Environmental drivers of plant species composition 256 

One-hundred and eighty plant species belonging to 40 families were identified across the 18 257 

study grasslands. The RDA model relating plant species composition and environmental 258 

variables at non-degraded sites explained 44.8% of the total variance. The first two constrained 259 

axes accounted for 20.2% and 11.4% of total variance and were mainly determined by P2O5, 260 

soil pH, soil moisture and solar radiation (Fig. 3). The environmental variables retained by the 261 

VIF analysis did not show strong correlations confirming that applying it efficiently removed 262 

correlated environmental variables (Table S1). Four of the six selected variables (ASR: p = 263 
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0.004, P2O5: p = 0.025 , soil moisture: p = 0.023, pH: p = 0.026) had a significant influence on 264 

plant species composition whereas the influence of elevation (p = 0.201) and K2O (p = 0.830) 265 

was not significant (Table S2). Sites located on the right side of Fig. 3 were associated with low 266 

ASR, relatively low (neutral) pH and high soil moisture, as well as high P2O5. They were well 267 

represented by mesophilic species, such as Dactylis glomerata, Galium verum, Poa pratensis, 268 

Plantago lanceolata and Lathyrus pratensis. In contrast, plants associated with higher ASR and 269 

pH included Bromopsis erecta, Brachypodium rupestre, Pilosella officinarum, Lotus 270 

corniculatus and Teucrium chamaedrys. Sites with higher abundance of Astragalus danicus, 271 

Pillosella officinarum, Lotus corniculatus and Teucrium chamaedrys were negatively 272 

correlated with elevation and soil moisture, whereas sites with higher abundance of Salvia 273 

pratensis and Dactylis glomerata were positively correlated with both environmental variables.  274 

 275 

Identification of reference sites by comparing similarity in environmental factors  276 

The five restoration sites revealed different combinations of environmental factors resulting in 277 

different environmental distances with non-degraded sites (Fig. 4). Restoration sites 1R and 3R 278 

showed a low environmental distance to the non-degraded site 21 indicating high similarity in 279 

measured abiotic factors. However, the second environmentally closest non-degraded sites 280 

were different (1R: site 22, 3R: site 18). The three sites closest to 2R in terms of environmental 281 

variables were 6, followed by 4 and 5. The most similar sites to 11R were 12, 10 and 16, and 282 

the most similar to 20R were 9, 17 and 14 (Fig. 4.a, Table 1). If technical and/or logistic 283 

constraints require the choice of one reference community as a source site for plant material for 284 

all five degraded sites, the non-degraded site 9 would represent the best reference (Table 1), 285 

which has the lowest mean distance to five restored sites (Fig. 4.b). 286 
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The geographical zonation of plant species composition hardly corresponded to environmental 287 

factor values. NMDS according to geographical position separated the southernmost zone from 288 

the northernmost zone whereas the central zone was not well separated from the latter one (Fig. 289 

S1). The Northern zone was characterized by low levels of P2O5 and soil moisture, low solar 290 

radiation (ASR) and neutral pH. The Central zone showed highest soil moisture and P2O5, 291 

medium ASR and the most acidic pH. The Southern zone was represented by high solar 292 

radiation and a basic pH. However, there were many exceptions to these general trends and 293 

environmental zonation was very different from geographical zonation in P2O5 and soil 294 

moisture. The lack of correspondence between geographical and environmental zonation 295 

explains that the environmentally most similar non-degraded site was not necessarily the 296 

geographically closest one.  297 

 298 

Discussion  299 

Our results indicate that among the seven tested environmental factors ,  ASR, soil moisture, 300 

P2O5 and soil pH best explain the distribution of plant communities in our 18 species-rich 301 

mountain grasslands and can thus be used as indicators for reference communities in this 302 

particular case. 303 

The simultaneous analysis of environmental factors such as pedoclimatic variables, and 304 

vegetation, allows identifying major ecological processes that govern the studied system, since 305 

they are considered as major drivers of plant community composition (Box 1981). Elevation 306 

known has an important driver of mountain grassland composition did not significantly 307 

influence plant species compositionsince limited to a relatively small elevational gradient of 308 

400 m. ASR included slope and aspect that are known to determine plant species composition 309 

in mountain grasslands (Srinivasan et al. 2005). As many other plant communities, grasslands 310 

are controlled by edaphic factors, such as water content, organic matter and nutrient 311 
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concentration (Sebastiá 2004; Klimek et al. 2007). Several studies have emphasized the relation 312 

between pH and phosphorus. Phosphorus availability decreases with increase in pH because at 313 

alkaline pH, phosphate ions react with calcium or magnesium (Cerozi & Fitzsimmons 2016; Li 314 

et al. 2019). This is consistent with our results that show a negative correlation between soil pH 315 

and exchangeable phosphorus (P2O5). 316 

The lack of methods for reference community choice has often been cited as a shortcoming in 317 

restoration ecology (Halle & Fattorini 2004) although some recent studies have developed a 318 

more explicit methodology. Suganuma & Durigan (2015) selected nine references divided into 319 

three categories of riparian forest according to their ecological integrity (3 references in old 320 

growth forest, 3 in degraded forest and 3 in secondary forest). Erskine et al. (2019) combined 321 

vegetation surveys and mapping data to select five reference sites for the ecological restoration 322 

of uranium mines, while McManamay et al. (2018) suggest a spatial framework in six steps to 323 

identify reference systems for stream restoration. All these studies used multiple references that 324 

were selected according to relationships between environmental factors and vegetation patterns. 325 

They included floristic surveys (contemporary data) and the search of historical data. These 326 

studies suggest extending the surveys beyond the close vicinity of restoration sites and using 327 

statistical tools to identify and to rank structuring variables in order to select appropriate 328 

reference communities. In our framework, we filled this gap in providing a method to identify 329 

reference plant communities based on statistical analyses of specific relationships between 330 

environmental factors and plant community composition. 331 

Since soil conditions are among the most important factors driving plant species composition, 332 

a careful variable choice is needed to exclude factors strongly influenced by previous ecosystem 333 

degradation. Soil disturbance, such as tillage or soil removal, may lead to a drastic reduction in 334 

organic matter and total nitrogen storage, and can strongly affect their distribution in the soil 335 

profile (Hölzel & Otte 2003; Dolan et al. 2006; Du et al. 2010). Intermediate arable use, as the 336 
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most common degradation of European grasslands, increases soil nutrient content, in particular 337 

plant available potassium and phosphorous (Bischoff et al. 2009). In such a case of 338 

eutrophication, the depletion of fertilizer residues is crucial to obtain abiotic conditions that are 339 

appropriate for the establishment of plant species adapted to the pre-degradation state (Tallowin 340 

et al. 1998; Bischoff et al. 2009). Thus, our method of reference community identification is 341 

difficult to apply to ecological restoration of fertilized soils. However, if habitat degradation is 342 

limited to mechanical soil disturbance, many soil variables typically driving plant species 343 

composition remain unchanged. In our approach, we avoided the use of the soil parameters 344 

cited above (total and mineral nitrogen, organic matter) that are known to be influenced by 345 

mechanical soil disturbance. Thus, we are convinced that our selected abiotic factors are 346 

appropriate for the search of best matching reference sites. Such data collected in situ 347 

(contemporary data) may be complemented by historical data (wildfire records, land use 348 

changes) that may still affect plant species composition (Asbjornsen et al. 2005; Urgenson et 349 

al. 2018).  350 

Our method is applicable to ecological restoration beyond grasslands if the specific 351 

environmental factors structuring the plant communities are correctly identified. For example, 352 

in ecological restoration of lagoon ecosystems corresponding to ancient salt marshes (EU 353 

habitat code 1150), environmental factors structuring plant communities are water level, 354 

duration of flooding and degree of salinity that may also be used to identify reference 355 

communities (Bouzillé 2007).  356 

In restoration practice, adjacent sites of very similar environmental conditions are not always 357 

available. Either the degradation includes the whole habitat with completely different 358 

conditions outside the degraded zone (e.g. degraded grasslands within woodlands), adjacent 359 

sites are not accessible (or not available as source sites for seed transfer) or abiotic conditions 360 

change at very small scales. In such cases, our approach allows the identification of 361 
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geographically more distant reference or source sites that match best with environmental 362 

conditions of restoration sites. In this case, the selection of multiple potential references is 363 

therefore necessary to select the one(s) that will be closest to the restored sites in terms of 364 

environmental variables driving plant community composition. The concept of multiple 365 

references is a helpful tool in restoration practice allowing a more flexible choice depending on 366 

availability (identification of source sites) or on different priorities for environmental factor 367 

match. Additionally, even if the restoration sites are close, the best potential reference sites are 368 

not necessarily the same, depending on the environmental factors that can vary on a relatively 369 

small scale. Finally, in grassland restoration practice, the identification of multiple references 370 

allows to combine different source sites if non-degraded sites do not comprise the entire species 371 

pool (area not sufficient, environmental conditions do not fully correspond). Although not 372 

directly tested in our proof-of-concept, the method also allows the integration of land 373 

management variation resulting in different quasi-stable states of plant succession.   374 

To conclude, our approach to use the close relationships between environmental conditions and 375 

plant community composition is a straightforward method to identify reference communities 376 

when environmental structuring factors are not affected by degradation. It can be easily applied 377 

to restoration practice but requires a good knowledge of plant ecology, in particular on plant-378 

environment interactions, environmental filters and local species pools (Lortie et al. 2004; 379 

Cristofoli & Mahy 2010). A better understanding of plant-environment interactions and of 380 

potential effects of degradations on physical and chemical soil conditions would be required to 381 

improve the method. 382 
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Table 1. Similarities between restoration sites (1R, 2R, 3R, 11R, 20R) and the non-degraded 551 

sites (from site 4 to 24, without R) of the study zone (similarity decreasing from left to right) 552 

using the Euclidean distance for environmental variables shown in Fig. 3. Here the colors show 553 

examples for chosing only one reference for (a) one site (example of restoration site 2R:  ); 554 

(b) 2 sites (example of 1R and 3R:  ); (c) all the restoration sites (1R, 2R, 3R, 11R and 20R: 555 

 ). 556 

 557 
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 564 

 565 

 566 

Fig. 1. The four major steps of the proposed method to select references. ① Delimit an extend 567 

study area around restoration sites; ② Identify environmental factors structuring plant 568 

communities (data collection and driver analysis); ③ Evaluate environmental distances 569 

between restoration and potential reference sites (dissimilarity coefficient); ④ Select the most 570 

similar references to restoration sites (dissimilarity coefficient). 571 
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 582 

 583 

 584 

Fig. 2. Location of the study area with restoration sites (1R, 2R, 3R, 11R and 20R, in red) and 585 

reference sites (numbered from north to south, without R, in blue) along the construction of a 586 

new electricity line. 587 

 588 
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 590 

 591 

Fig. 3. RDA biplot using Hellinger‐transformed plant species cover (species names in blue) and 592 

reference sites (green) constrained by environmental variables (red arrows). Environmental 593 

variables: ASR = Annual Solar Radiation; P2O5 = plant available phosphorous; soil moisture; 594 

soil pH; elevation and K2O = plant available potassium. Full species names: Table S3. 595 
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 599 

 600 

Fig. 4. NMDS based on environmental variables showing a) the three most similar non-601 

degraded sites (without R) for each restoration site (with R) and b) the non-degraded site that 602 

present the lowest average environmental distance with all the restoration sites. Different 603 

restoration sites are represented by different colors. The grey numbers represent the 604 

environmental distance (dissimilarity coefficient). See Table 1 for more details. 605 

 606 

a) b) 


